In robo mutants, axons that would not norof whether or not to cross the midline, is usually decided mally cross the midline do so, and many axons repeatin favor of crossing. The second decision, the choice of edly cross and recross the midline (Seeger et al., 1993; a specific pathway, is not just a simple binary decision.
Kidd et al., 1998a). These data led to the conclusion Here, the options are far more numerous. Within the that Slit provides a short-range repulsive barrier at the longitudinal tracts that run along each side of the midmidline, and its receptor, Robo, acts as a "gatekeeper" line, axons are organized into a series of parallel fascito regulate midline crossing (Kidd et al., 1998a, 1999). cles. Individual growth cones make filopodial contact Two important observations from these studies hinted with many different fascicles, but ultimately choose to that Slit might do more than just impose an impenetrable extend along just one of them. midline barrier for growth cones that express Robo (Kidd To try to understand how growth cones might select et al., 1999). First, defects in the migration of muscle a specific pathway, Goodman and colleagues perprecursors indicated that Slit can also function as a formed a detailed series of experiments on grasshopper long-range signaling molecule, exerting its influence not just at the midline but even beyond the limits of the CNS. Second, the differences between the slit and robo other receptors in addition to Robo. The existence of at are thought to constitute binding sites for various cytoplasmic signaling molecules, including Enabled (Ena) least one other Slit receptor, Robo2, could be inferred by examining genomic sequence data available at that and the Abl tyrosine kinase (Bashaw et al., 2000) . Ena interacts primarily with the CC2 motif, and genetic data time (Kidd et al., 1998a).
Here we present evidence that Slit is not only a shortsuggest that it contributes positively to Robo signaling. Abl, on the other hand, binds strongly to CC3 and negarange guidance cue controlling the midline crossing decision, but that it also acts as a long-range cue to control tively regulates Robo function. In vitro, Abl phosphorylates Robo on three tyrosine residues, including one in pathway choices lateral to the midline. Drosophila has three Robo family receptors: Robo, Robo2, and Robo3. each of the CC0 and CC1 motifs. Both of these tyrosine residues are conserved in Robo2 and Robo3 ( Figure 1B Peripheral expression of robo3 is quite different, being nome Project sequenced P1 clones from the surrounding genomic region, revealing the existence of yet restricted to specific neurons in the PNS.
Robo2 protein first appears in the CNS at the end of a third robo-like gene, robo3 ( Figure 1A ). The functions of both robo2 and robo3 in guidance decisions at the stage 12 (Figure 2A ). This early expression of Robo2 is both spatially and temporally coincident with Robo midline are described in a companion paper (Rajagopalan et al., 2000).
expression. Robo3 expression does not commence until slightly later, toward the end of stage 13. From the outWe isolated and sequenced full-length cDNA clones for both robo2 and robo3. The predicted Robo2 and set, all three Robos are expressed at high levels on longitudinal growth cones, but are barely detectable on Robo3 proteins consist of 1406 and 1342 amino acids, respectively ( Figure 1B) . Robo family receptors identicommissural growth cones as they cross the midline. As development proceeds, the distribution of the three fied to date in diverse species are characterized by an extracellular domain consisting of 5 immunoglobulin Robos on the longitudinal tracts becomes more refined, and by stage 16, near the end of embryogenesis, a and 3 fibronectin type III repeats, and a cytoplasmic domain without any known catalytic activity but constriking pattern has emerged: Whereas Robo is expressed on axons across the entire width of the two taining four short conserved motifs called CC0, CC1, CC2, and CC3 (Kidd et al., 1998a; Bashaw et al., 2000).
longitudinal tracts (Figure 2A ; Kidd et al., 1998a), Robo3 is expressed only on axons in the lateral two-thirds and The extracellular domains of Robo2 and Robo3 are typical for the family, being 37% and 33% identical to Robo, Robo2 only on axons in the lateral one-third of each longitudinal tract (Figure 2A) . Together, the three Robos respectively, and 49% identical to each other. In contrast, the cytoplasmic domains of Robo2 and Robo3 are thus partition the longitudinal tracts into three parallel zones: a medial Robo-only zone, an intermediate Roboϩ unusual in that they lack both the CC2 and CC3 motifs. In Robo, these two motifs are required to prevent inapRobo3 zone, and a lateral RoboϩRobo2ϩRobo3 zone ( Figures 2B and 2C ). propriate midline crossing (Bashaw et al., 2000) . They 
Do Robo Receptors Position Longitudinal Axons
This model makes two predictions. First, loss of either on a Slit Gradient? robo2 or robo3 function should reposition lateral axons The arrangement of these three zones in order of incloser to the midline. Second, forced expression of creasing numbers of Robo receptors further away from robo2 or robo3 in medial axons should shift them further the midline, together with the fact that all three Robos from the midline. We next sought to test these two preare receptors for the secreted midline repellent Slit, sugdictions. gests a simple model for lateral pathway choices ( Figure  2C null and hypomorphic alleles were obtained in this robo3 transcripts, we could reliably detect wild-type robo3 transcripts in heterozygous but not homozygous robo3 1 screen. A second set of null robo2 alleles was isolated mutant embryos. By titrating heterozygous with homoin a screen for mutations lethal in trans to the deficiency Df(2L)ast5. Nonsense or missense mutations could be identified in most of the robo2 alleles recovered from ments designed to specifically amplify correctly spliced zygous RNA to assess the limits of detection, we estiin the third Fas II fascicle are the most frequent, but not the only defect observed in robo2 mutant embryos. mated that fewer than 2% of robo3 transcripts are correctly spliced in robo3 1 mutants. We therefore conclude Midline crossing defects also occur (Rajagopalan et al.,
2000), as do occasional breaks or fasciculation errors that the robo3
1 is either a null or a strongly hypomorphic allele.
in the first and second Fas II fascicles (Table 2) . While it is possible that Robo2 also plays a minor role in patterning the inner longitudinal pathways, we consider Axons Shift Closer to the Midline in robo2 and robo3 Mutants it more likely that the rare defects observed in these pathways arise as a secondary consequence of midline Are longitudinal axons rerouted closer to the midline in robo2 and robo3 mutants, as predicted by the model? crossing errors made by these or other axons. For robo3 mutants, the model predicts that the second To test this, we examined longitudinal pathways using the anti-Fas II antibody 1D4. Fas II is expressed on three fascicle should be the most severely disrupted. The Robo code (RoboϩRobo3) of these axons now correfascicles on each side of the midline ( Figure 3A ). Axons in each of these three fascicles express a different comsponds to that of axons in the medial zone (Robo only), and so the second Fas II fascicle should fuse with the bination of Robo receptors: axons in the first (medial) fascicle express only Robo, axons in the second (interfirst. Indeed, this is exactly what we observed ( Figure  3C , Table 2 ). In every single hemisegment, in a total of mediate) fascicle express Robo and Robo3, and axons in the third (lateral) fascicle express all three Robos. 250, the second fascicle was completely missing while the first fascicle was unusually thick, suggesting that For robo2 mutants, the model predicts that the third fascicle should be most severely affected. In the absence axons that would normally have chosen to join the second fascicle had instead chosen the first. The third Fas of Robo2, their Robo code (RoboϩRobo2ϩRobo3) is changed to that of axons of the intermediate zone (Roboϩ II fascicle is also unusually thin or discontinuous, suggesting that some axons from this fascicle are also repoRobo3). Axons that would normally select the third Fas II fascicle should therefore tend to choose instead sitioned in the robo3 mutant. the second Fas II fascicle. This is indeed the case ( Figure  3B , Table 2 ). In a total of 700 hemisegments examined
Medial Shifts of Single Axons in robo3 Mutants
To verify that individual axons are indeed repositioned in robo2 null mutant embryos, 35% showed defects in the third Fas II fascicle. In nearly two-thirds of these the closer to the midline in robo3 mutants, we examined another marker, Sema2b-myc (K.-A. Senti and B. J. D., third fascicle fused with the second fascicle, while in the remaining third it was completely absent. Defects unpublished results). This marker labels the cell bodies Figures 4D and 4E) . located laterally, and their axons grow initially toward the midline before turning, without crossing, to continue To quantify the medial shift of the Sema2b axons in robo3 mutants, we measured the position of these axons anteriorly near the medial edge of the ipsilateral longitudinal tract ( Figures 5A and 6A ). Since they do not cross within the longitudinal tract of wild-type and robo3 mutant embryos. As the nerve cord retracts, absolute disthe midline and express only Robo, these Ap axons provide an ideal opportunity to examine the consequences tances from the midline constantly change. We therefore restricted our analysis to the narrow time window of of Robo2 and Robo3 misexpression specifically in the context of lateral positioning. late stage 16 to early stage 17 embryos, and measured relative rather than absolute distances from the midline.
We examined the projections of the Ap axons in embryos carrying the ap-GAL4 driver and single copies of For this analysis, we divided the entire longitudinal tract into 10 equal intervals, defining a scale from 0 at the either a UAS-robo, UAS-robo2, or UAS-robo3 transgene. Each of the transgenic proteins carries an amino-termimedial edge to 10 at the lateral edge. Measured at a point midway between the anterior commissure of one nal HA epitope tag, allowing the protein levels provided by each transgene and each insertion to be directly segment and the posterior commissure of the next, the Sema2b axons normally grow at an average of 5.2 units compared using anti-HA immunohistochemistry. All lines chosen for this analysis provided similar expresfrom the medial edge of the longitudinal tract ( Figure  4C ). In robo3 mutant embryos, they shift to an average sion levels.
As predicted by the model, ectopic expression of of just 2.6 units from the medial edge ( Figure 4F ). ceptors. This provided the opportunity to ask whether the addition of Robo2, or increased levels of Robo3, Discussion would force these axons even further from the midline. To test this, we introduced either a UAS-robo2 or a Genetic studies have previously shown that Slit is a short-range repellent that signals through the Robo resecond UAS-robo3 transgene into ap-GAL4 UAS-robo3 embryos. In both cases the Ap axons were "superceptor to prevent CNS axons from inappropriately crossing and recrossing the midline (Kidd et al., 1998a, shifted" even further laterally ( Figures 5E, 5F, 6G, and  6H) . A similar supershift is seen with two copies of the 1999). Here we report the identification of two additional Slit receptors expressed on CNS growth cones: Robo2 UAS-robo2 transgene.
Three important conclusions can be drawn from these and Robo3. Our analysis of robo2 and robo3 function has led to the surprising discovery that In the hundreds of hemisegments we examined in Both of these are valid concerns, and will need to be addressed in future studies. Slit would not be the first these embryos, we also noticed many instances in which the Ap axon fascicle had split up into two or on some signal for which a graded distribution has been experimentally demonstrated but not directly observed. Detecting occasions even three lateral pathways (Figures 6E and  6F) . When this occurs, the Ap axons follow well-sepafinely graded distributions of extracellular molecules is clearly difficult using current immunohistochemical techrated parallel pathways. If they switch from one pathway to another, they do so abruptly. This behavior is in stark niques. In addition, since Slit is proteolytically cleaved (Brose et al., 1999), it is possible that available Slit anticontrast to frayed appearance fascicles acquire when axons defasciculate due to the loss of a local pathway bodies, which are directed against a C-terminal epitope (Rothberg et al., 1990) may not even recognize the freely label, such as Fas II (Lin et al., 1994) .
These data strongly suggest that local cues within the diffusible form of Slit. New reagents and detection methods will be required to directly visualize the Slit gradient. longitudinal tract, of the kind envisioned by the labeled pathways hypothesis, act to refine the lateral position But if the Slit signal is graded, why isn't slit dosage sensitive? Shouldn't reducing slit gene dosage by half from a broad zone (specified by the Robo code) down to a single pathway (specified by the fasciculation code).
flatten the gradient, thereby shifting lateral axons closer it is perhaps not surprising that patterning by the Hh morphogen is also insensitive to hh gene dosage. We suspect that a similar set of posttranslational controls might regulate the graded distribution of Slit. Such speculations aside, it is important to note that there are two observations that offer indirect but compelling evidence in support of a long-range gradient of Slit activity. First, the lateral shifts of Ap axons induced by ectopic expression of Robo2 or Robo3 are dosage sensitive, indicating that Robo2 and Robo3 detect a signal that is graded across the longitudinal tract. Further evidence for a graded Slit signal comes from the behavior of the muscle precursors. In slit mutant embryos (Kidd et al., 1999) , as well as in robo robo2 double mutants (Rajagopalan et al., 2000) , many myoblasts fail to migrate away from the midline after gastrulation, suggesting that Slit signaling is required to guide these cells at least on the initial part of their migration toward the periphery. If these myoblasts are then forced to express a Robo-Frazzled chimeric receptor, which responds to Slit not as a repulsive but rather as an attractive cue, then many of them turn back toward the midline (Bashaw and Goodman, 1999). The presumptive Slit gradient can evidently be detected not only across the CNS, but also out in the periphery. code specifies the broad zone within which a growth cone should select a pathway, while the final choice of a If not by a repulsive countergradient, then might Slit instead be balanced by the parallel gradient of an atpathway within that zone is specified by its fasciculation code. The two systems therefore act as the coarse and tractant secreted from the midline. Netrins would be an obvious candidate for this attractant. However, the fine tuning for lateral pathway selection. With such a Robo code in place, it is necessary only to differentially current model for guidance at the midline proposes that commissural axons lose sensitivity to Netrins and any label the pathways within a given zone. For this a relatively small number of surface molecules should suffice. other midline attractants as they cross (Shirasaki et al., 1998) . This remains to be tested in Drosophila, but if it The Sema2b and Ap axons provide an instructive example to illustrate how we think this system works. The is true, as seems likely (Rajagopalan et al., 2000) , then the fact that most longitudinal axons have first crossed Sema2b neurons have the Robo code of RoboϩRobo3 and an unknown fasciculation code, and project their the midline would argue against the idea that Slit is balanced by a graded midline attractant.
Repulsive Signaling by Robo Receptors
axons along a fascicle near the middle of the longitudinal tract. The Sema2b growth cones approach their target A second graded signal to balance the Slit gradient therefore seems unlikely. In contrast, there is strong fascicle from the medial side, having crossed the midline and so, most likely, having lost their senstivity to the evidence that repulsion by Slit is balanced by local interactions within the longitudinal tract. This is revealed by long-range attractive cues it provides. Within the medial (Robo-only) zone, they encounter a fascicle that exthe behavior of the Ap axons when they are forced to misexpress Robo2 or Robo3. As a result, they move presses the appropriate fasciculation code. They do not select this pathway, however, because the long-range down the Slit gradient, but not uniformly, and not out of the CNS. Instead, they appear to latch on to one of repulsive influence of Slit at this point is stronger than the short-range attractive forces provided by these fastwo alternative lateral pathways. This strongly suggests that local cues within the longitudinal tract provide a ciculation cues. Instead, they continue to migrate down the Slit gradient into the next zone, the intermediate short-range attractive force that can overcome the longrange repulsive influence of Slit.
RoboϩRobo3 zone. Here they encounter another fasci- 
Experimental Procedures
Generation of Robo2 and Robo3 Antibodies Robo2 antisera were obtained from rabbits immunized with a pepIsolation of robo2 and robo3 Alleles tide corresponding the C-terminal 22 amino acids of Robo2 All robo2 alleles were induced on the EP2582 chromosome (Rørth, (Gramsch Laboratories). Sera were affinity purified using standard 1996) by mutagenesis with ethanemethanesulfonate in two different methods. Robo3 antisera were obtained from mice immunized with genetic screens. In the first, we took advantage of the fact that a bacterially expressed glutathione S-transferase fusion protein overexpression of the endogenous robo2 gene in 1407-GAL4 / containing the entire Robo3 cytoplasmic domain. The anti-Robo3 EP2582 animals is lethal. We mutagenized EP2582 males and sera were preabsorbed against fixed 0-10 hr embryos. Specificity crossed them to 1407-GAL4 females. From these crosses we recovof the antisera were confirmed by staining wild-type embryos; robo, ered a total of 6 viable progeny, all of which were found to carry robo2, and robo3 mutant embryos; and a panel of embryos in which mutations in the robo2 gene. In the second screen, single mutageneach of the three robos was ectopically expressed under the control ized EP2582 chromosomes were tested for lethality in trans to either of an en-GAL4 driver. None of the antisera cross-reacted with the Df(2L)ast5 or Df(2L)ast5, slit 2 . In total, 10,525 mutant chromosomes other Robos. were tested, and 142 lethal mutations recovered. Eight of these were identified as robo2 mutations by their failure to complement robo2 alleles from the revertant screen, the loss of Robo2 immunoreIn Situ Hybridization and Immunohistochemistry In situ hybridization was performed as described by Tear et al. activity, and/or the identification of nonsense mutations in the robo2 gene. Embryos from all other lines were stained with anti-Robo3 (1996), and immunohistochemistry as described by Patel (1994) . Robo2 antisera were used at a dilution of 1:2000 or 1:4000, and and anti-Fas II in a futile search for robo3 alleles.
The robo3 1 allele was identified while we were screening our colRobo3 antisera at 1:500, followed by detection with anti-HRP secondary antibodies using the Vectastain Elite Kit (Vector Laboralection of visual system connectivity mutants ( 
